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AC Josephson Effect and Resonant Cooper Pair Tunneling Emission of a Single
Cooper Pair Transistor
P.-M. Billangeon,1 F. Pierre,2 H. Bouchiat,1 and R. Deblock1
1Laboratoire de Physique des Solides, University Paris-Sud,
CNRS, UMR 8502, F-91405 Orsay Cedex, France.
2Laboratoire de Photonique et Nanostructures, CNRS, UPR 20, F-91460 Marcoussis, France.
We measure the high-frequency emission of a single Cooper pair transistor (SCPT) in the regime
where transport is only due to tunneling of Cooper pairs. This is achieved by coupling on-chip the
SCPT to a superconductor-insulator-superconductor junction and by measuring the photon assisted
tunneling current of quasiparticles across the junction. This technique allows a direct detection of
the AC Josephson effect of the SCPT and provides evidence of Landau-Zener transitions for proper
gate voltage. The emission in the regime of resonant Cooper pair tunneling is also investigated. It
is interpreted in terms of transitions between charge states coupled by the Josephson effect.
PACS numbers: 73.23.-b,74.50.+r,73.50.Mx,73.23.Hk
One of the most striking consequence of the macro-
scopic quantum coherence of the superconducting state
is the Josephson effect which takes place when two super-
conductors are connected via a non-superconducting ma-
terial (insulator or metal). It leads to a supercurrent at
zero bias, and an AC current when the junction is voltage
biased [1, 2]. In this work we investigate experimentally
how the AC Josephson emission is modified when the
Josephson effect competes with charging effects. To do
so, we consider a single Cooper pair transistor (SCPT)
constituted by two small junctions separated by a su-
perconducting island, which energy can be tuned by a
nearby electrostatic gate [3]. Because of the interplay be-
tween Josephson coupling and charging effects the SCPT
exhibits peculiar electronic transport properties exten-
sively studied over the past 15 years [3, 4, 5, 6, 7, 8].
However AC Josephson effect was less investigated. To
characterize it one can irradiate the SCPT with high fre-
quencies (HFs) and observe Shapiro steps, which result
from the locking of the superconducting phase dynamics
on the frequency of the irradiating signal [2, 8]. However
these steps may be hard to distinguish from other fea-
tures of the SCPT. We use another technique to measure
directly the AC Josephson effect : we couple the SCPT
on-chip to a HF detector, a superconductor-insulator-
superconductor (SIS) junction and measure the photo-
assisted tunneling (PAT) quasiparticle current due to the
emission of the SCPT [9, 10].
The device probed in this experiment at 90 mK is a
SCPT (normal state resistance 48.5 kΩ) coupled capac-
itively to a small SIS junction (estimated capacitance 1
fF, normal state resistance RT = 25 kΩ). Both struc-
tures are made in aluminum (superconducting gap ∆ =
210 µeV) and embedded in an on-chip environment con-
stituted by resistances (8 Pt wires, R = 750 Ω, length =
40 µm, width = 750 nm, thickness = 15 nm) and capaci-
tances (estimated value CC ≈ 750 fF, size : 23×25 µm
2,
insulator : 65 nm of Al2O3) designed to provide a good
HF coupling between the two devices (Fig. 1A). The SIS
junction has a SQUID geometry in order to minimize its
critical current with a magnetic flux.
We first present transport measurements performed on
the SCPT. On Fig. 1B the I(VB) characteristic for low
bias voltage of the SCPT at two gate voltages is shown.
At both values, the SCPT shows a Josephson branch
which extends to finite voltages as commonly seen for
SCPT [11, 12, 13] (and Josephson junction [14, 15, 16,
17]) embedded in a dissipative environment. The gate
dependence of the Josephson branch is 2e periodic, as
expected from the hamiltonian of the SCPT :
H =
∑
n
[
EC(n− CGVG/e)
2|n〉〈n|
− EJ cos(δ/2) (|n〉〈n+ 2|+ |n+ 2〉〈n|)] +HS
with EC = e
2/2CΣ the charging energy (CΣ is the to-
tal capacitance of the island), EJ the Josephson energy
of each junction, δ the superconducting phase difference
between the reservoirs and |n〉 the state with n electrons
on the island. HS describes a superconducting metal by
the BCS theory and favors paired electrons on the island
[21], leading to the 2e periodicity, if the superconduct-
ing gap is bigger than EC [8]. The transport measure-
ment of the SCPT allows to determine its charging energy
(EC = 65µeV) and Josephson energy (EJ = 28µeV).
We now turn to the detection of the AC Josephson ef-
fect. For a DC voltage biased junction it results from
the evolution of the superconducting phase difference δ
across the junction according to the Josephson relation
dδ/dt = 2eVB/h¯, with VB the DC voltage bias. Due
to the periodic current-phase relation of the junction,
this leads to an oscillating current. Since the SCPT
can be considered at low voltage as a Josephson junc-
tion with a gate-dependent critical current, it should ex-
hibit a gate dependent AC Josephson effect. To detect
it the PAT current through the SIS junction is measured
at CGVG/e = 0 and 1, versus bias voltage VB and detec-
tor voltage VD (Fig. 2A, two lower panels). To improve
sensitivity we modulate VB and monitor the modulated
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FIG. 1: A : Schematic picture of the SCPT coupled to a
Josephson junction and the on-chip circuit (R = 750 Ω, CC ≈
750 fF). B : Josephson branch of the SCPT at CGVG/e = 1
and 0 (multiplied by 10). Upper inset : I(V) characteristic of
the SCPT at high bias showing the Josephson-Quasiparticle
(JQP) peak and the quasiparticle (QP) tunneling. Lower in-
set : SEM picture of the SCPT.
part of the PAT current ∂IPAT (VD)/∂VB with a lock-
in technique. The same type of measurement is shown
for a small Josephson junction (Fig. 2A, upper panel)
[10]. When biased at VD the detector is sensitive to pho-
tons of energy higher than eVD − 2∆. This relation be-
tween VD and the energy of detected photons allows a
frequency resolved detection. The signature of the AC
Josephson effect is then a peak, followed by a dip, on
∂IPAT (VD)/∂VB at a detector voltage VD corresponding
to the Josephson frequency νJ : eVD − 2∆ = hνJ . Since
νJ depends linearly on the source voltage (hνJ = 2eVB
for a Josephson junction), the position of the peak in
∂IPAT (VD)/∂VB versus VD varies linearly with VB, with
a slope dependent on the relation between the source
voltage and the Josephson frequency. We find that this
slope is the same for a Josephson junction and for the
SCPT at CGVG/e = 0, and corresponds to the rela-
tion expected from the Josephson relation (dashed line
of Fig. 2). However for CGVG/e = 1 this slope is divided
by a factor 2, as if hνJ = eVB. We attribute this fac-
tor 2 to the proximity of ground and first excited states
which favors Landau-Zener (LZ) transitions. Indeed for
CGVG/e = 1 the ground state and the first excited state
are nearly degenerate at δ = pi modulo 2pi (Fig. 2C).
During the phase evolution of the SCPT, the system can
there either stay in the ground state (J arrow of Fig. 2C)
or go into the excited state (LZ arrow) [18]. If this latter
transition always happens the effective periodicity of the
energy-phase relation, and thus current-phase relation,
is doubled [8], leading to the observed doubling of the
Josephson period. This requires three conditions : first
a high probability for LZ transition [18], second a relax-
ation time longer than the period of the Josephson effect,
and third a relaxation time shorter than the time needed
to equalize the population of the ground and first excited
state during the phase evolution. This implies relax-
ation time of the order of few nanoseconds, in agreement
with relaxation induced by the electromagnetic environ-
ment [20]. Note that poisoning effect cannot lead to the
doubling of the Josephson period close to CGVG/e = 1.
Without LZ effect, close to CGVG/e = 1, one should ex-
pect a strongly non-harmonic current-phase relation. In
our case this is hidden by the LZ effect, which restores a
sinusoidal current-phase relation.
Using a numerical deconvolution method [9], we ex-
tract from the data taken at VB = 45µV the voltage
power spectrum SV (ω, VB) (Fig. 2B) across the detec-
tor leading to the measured PAT current (Fig. 2A).
SV (ω, VB) exhibits peaks at the expected frequency. For
CGVG/e = 1 we find a peak at eVB/h, attributed to
the LZ transitions, but also an extension of the spec-
trum around 2eVB/h. This might be due to incomplete
LZ effect. Due to the rather broad IV characteristic of
the detector, those spectra have to be taken cautiously
at low frequencies and for a precise determination of
the width of the Josephson emission. We find a rather
large emission width around 8 GHz (corresponding to 30
µV), which is consistent with the width of the Josephson
branch measured in DC (Fig. 1B). This seems to indi-
cate that the electromagnetic environment acts similarly
on the DC and AC Josephson effect. To analyse the data
we assume that the area of the Josephson peak is given
by the voltage fluctuation induced by the source and thus
proportional to Z2I2
C
, with Z the transimpedance of the
circuit (ratio of the AC voltage at the detector divided by
the AC current of the source) and IC the critical current
of the source. Z was measured for the same environment
[10]. We find that the critical current at CGVG/e = 0 is
1.9 nA, compared with the theoretical value 1.45 nA [22]
and 6.5 nA at CGVG/e = 1, compared with an expected
value of 6.8 nA. To conclude this part, our direct detec-
tion of the emission of the SCPT demonstrates a gate-
dependent AC Josephson effect, not only in amplitude
but also in frequency due to Landau-Zener transitions.
Besides the DC Josephson peak, the differential con-
ductance of a SCPT exhibits peaks at finite bias [23, 24].
Hereafter we focus on the region where the source volt-
age VB of the SCPT is smaller than 2∆+EC , with only
tunneling of Cooper pair (CP). For appropriate values
of VB and VG, one observes a sharp increase of the DC
current associated to transitions between the CP states
of the system leading to peaks of differential conductance
∂I/∂VB (Fig. 3A). The bias voltage has two effects on
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FIG. 2: A) Derivative of the PAT current of the detector
versus VB of the SCPT (dIPAT /dVB) (or a Josephson junc-
tion for the upper panel, noted TJ) for CGVG/e = 0 and 1
(lower panel). The dashed line J (LZ) indicates the slope
of the Josephson (Landau-Zener) effect. The solid curves are
dIPAT /dVB at VB = 45µV, with the scale in pA/µV indicated
by the arrow on the curve and the zero line shown by the dot-
ted line. B) Voltage power spectrum of the AC Josephson
effect extracted from the curves shown on A for a Joseph-
son junction (TJ), and for the SCPT at CGVG/e = 0 and
1. The curves are shifted for clarity. C) Sketch of the phase
dependence of the two lowest energy levels of the SCPT at
CGVG/e = 1 and illustration of the Landau-Zener (LZ) and
Josephson (J) effect.
the SCPT emission : it induces an evolution of the super-
conducting phase and modifies the energy of the charge
states. To describe this last effect it is convenient to con-
sider states with n electrons on the island and k electrons
having passed through the SCPT, noted |n, k〉 [8]. The
energy of the state |n, k〉 in the presence of an applied
voltage VB is changed by −keVB. It is then possible to
draw the diagram of energy levels at different bias volt-
age for a given gate voltage (Fig. 3B for CGVG/e = 0.45)
and deduce the expected transitions and resonance. In
this formalism, the AC Josephson effect is a transition in-
duced by the Josephson coupling between levels like |0, 0〉
and |0, 2〉. When VB is such that the energy of state |0, 0〉
is resonant with another state (e.g., in Fig. 3B, |2, 3〉 at
VB = 48µV (resonance “3”) or |2, 1〉 at 145µV (reso-
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FIG. 3: A) Differential conductance of the SCPT. The reso-
nances ”1” and ”3” (see text) are indicated on the plot. B)
Energy levels of the SCPT at different bias voltage. The ar-
rows indicate transitions between states resulting from the
coupling by the Josephson effect of charge states.The green
rectangles represent degenerate states coupled by the Joseph-
son term.
nance “1”)) high order Josephson terms lead to an in-
crease of differential conductance ∂I/∂VB (line “1” and
“3” on Fig. 3A). This resonant Cooper pair tunneling
(RCPT) is 2e-periodic, as expected from the hamilto-
nian of the system, except at high voltage (VB > 150µV)
where poisoning (i.e. presence of non-paired electrons on
the SCPT) restores an e-periodicity.
Since RCPT implies transitions between charge states
induced by the Josephson coupling, it may lead to HF
emission [25]. To characterize this emission, we perform
the same type of measurement as for the AC Josephson
effect on a wider range of bias and gate voltage (Fig.
4). Beside the already mentioned AC Josephson effect
(“J” dashed line) the SCPT emission at a given source
voltage presents peaks at certain frequencies leading to
features on the PAT current for particular values of detec-
tor bias. We relate them to transitions between quantum
states of the system. The energies of these transitions are
calculated using the formalism presented before. RCPT
happens when VB is high enough to allow the tunnel-
ing of CP, as illustrated on Fig. 3B. When such a tun-
neling between states |n, k〉 and |n, k + 2q〉, involving an
intermediate state |n′, k′〉, is permitted two emission pro-
cesses happen sequentially. First the emission of a pho-
ton of energy (k′ − k)e(VB − V0) corresponding to the
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FIG. 4: Derivative of the PAT current of the detector versus
bias voltage VB of the SCPT for different gate voltage, indi-
cated on each plot. The dashed lines indicate the transitions
predicted by the theory of RCPT (see text). The dashed line
noted J correspond to AC Josephson effect. The color scale
is not the same for all plots.
difference in energy between |n, k〉 and |n′, k′〉, with V0
the onset voltage where the transition |n, k〉 → |n′, k′〉
happens (e.g. transition |0, 0〉 − |2, 1〉 indicated by the
dashed line (0, 0) − (2, 1) on Fig. 4). Second, when
VB > V0, there is the emission of a photon correspond-
ing to the transition from |n′, k′〉 to |n, k + 2q〉, which
energy is 2qeVB − (k
′ − k)e(VB − V0). Since we mea-
sure the signal derivative of the PAT current versus VB,
this transition appears essentially as a step versus VB at
VB = V0, with an extension in frequency up to 2qeVB/h
(e.g. the horizontal line (2, 1)−(0, 2) on Fig. 4). Close to
CGVG/e = 1 all the RCPT resonances collapse into the
Josephson peak (Fig. 3A). It is then more complicated
to separate the different phenomena at small voltage.
Thus for CGVG/e = 0.8 the AC Josephson effect (line
J) is mixed with a RCPT resonance (line (0,0)-(2,3)).
This prevents us to measure accurately the transition to
Landau-Zener effect versus gate voltage.
Measurements of high-frequency emission can also pro-
vide information on processes not expected from the
RCPT theory. As measured on the differential conduc-
tance of the SCPT, poisoning leads to an e-periodicity
at sufficiently high voltage. We then have to consider
the charge states with an odd number of electrons on
the island. This is why for CGVG/e = 0.8, we have
signature of transitions between states |1, 0〉 and |3, 1〉
(line (1,0)-(3,1)) and between |3, 1〉 and |1, 2〉 ((line (3,1)-
(1,2)). Another process is the feature A (Fig. 3A) at
VB = 205µV. It exhibits a HF emission at 50 GHz (Fig.
4, CGVG/e = 0). An explanation for this can be that,
due to poisoning at VB = 205µV, the energy levels with
one quasiparticle can be populated. For CGVG/e = 0
the charge state |1〉 and | − 1〉 are degenerate and cou-
pled by the Josephson effect. This leads to LZ transitions
and HF emission at eVB/h = 50 GHz, which is indeed
the typical frequency of the feature A. This LZ effect for
the poisoned SCPT takes place on a region of width 0.3
around CGVG/e = 0.
In conclusion we have performed a direct detection of
the HF emission of a SCPT by coupling it on-chip to a
SIS detector. This demonstrates an AC Josephson ef-
fect which is gate dependent in amplitude but also in
frequency, due to Landau-Zener effect. We have also de-
tected the emission in the RCPT regime, and interpreted
the observed peaks as signatures of transitions between
charge states coupled by the Josephson effect.
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